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,QWURGXFWLRQ
'HYHORSPHQW RI PHPEUDQH WHFKQRORJ\ SDUWLFXODUO\ JDV VHSDUDWLRQ SURFHVVHV LQGXFHV
UHVHDUFKHVRIQHZPHPEUDQHPDWHULDOVZLWKKLJKVHSDUDWLRQSURSHUWLHVDWJDVKLJKIOX[WKURXJK
PHPEUDQHDQGWKHUPDODQGFKHPLFDOVWDELOLW\>@%HVLGHVWKHFUHDWLRQRIQHZPHPEUDQHPDWUL[
WKHPRGLILFDWLRQRIDOUHDG\H[LVWLQJPDWHULDOVDQGPHPEUDQHVLVFKDOOHQJHWDVN1RZWKHUHDUH
D ORW RI GLIIHUHQW PHWKRGV RI PHPEUDQHV SRVW WUHDWPHQW FKHPLFDO HOHFWURFKHPLFDO SODVPD
FKHPLFDOVXUIDFHPRGLILFDWLRQ LQFOXGLQJJDVSKDVHIOXRULQDWLRQ$WSUHVHQWDGLUHFWJDVSKDVH
IOXRULQDWLRQPHWKRGLVRQHRIPRVWHIIHFWLYHDQGWUDGLWLRQDOO\XVHGRQO\IRUSRO\PHULFPHPEUDQH
>@ +RZHYHU LQRUJDQLF QDQRSRURXV PDWHULDOV DOVR GHPRQVWUDWH YHU\ SHUVSHFWLYH JDV
VHSDUDWLRQSURSHUWLHVIRUH[DPSOH]HROLWHVDQGFDUERQEDVHGPDWHULDO2QHRIVXFKLQWHUHVWLQJ
PDWHULDOV LV WKH QDQRSRURXV JUDSKLWH IRLOV *) EDVHG RQ SUHVVHG LQWHUFDODWHG JUDSKLWH
FRPSRXQGVZKLFKSURYLGHVɇɋɈDQGɋɇɋɈKLJKVHSDUDWLRQ>@,QWKHSUHVHQWZRUNWKH
LQIOXHQFH RI WKH GLUHFW JDVSKDVH IOXRULQDWLRQ WUHDWPHQW RQ *) JDV WUDQVSRUW DQG VHSDUDWLRQ
SURSHUWLHVZDVLQYHVWLJDWHG
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6WXGLHGREMHFWV
,Q WKH SUHVHQW ZRUN JDV VHSDUDWLRQ SURSHUWLHV RI WKH PHPEUDQHV EDVH RI H[IROLDWHG
JUDSKLWHIRLOVSURGXFHGE\,180,7&R5XVVLDQ)HGHUDWLRQ)LJZLWKUDQJHRIGHQVLW\
JFPDQGWKLFNQHVV±PPZHUHVWXGLHG
*)EDVHGRQH[IROLDWHGJUDSKLWHZDVREWDLQHGE\ IROORZLQJ WHFKQLTXHSURYLGHGUHTXLUHG
WKLFNQHVV DQG GHQVLW\ RI IRLO VDPSOHV WKH LQWHUFDODWHG JUDSKLWH ZDV SUHSDUHG IURP JUDSKLWH
QLWUDWHRI,,VWDJHE\IROORZLQJPHWKRGQDWXUDOJUDSKLWHKDGEHHQWUHDWHGE\QLWULFDFLGDW
PDVVUHODWLRQ7KHQLQWHUFDODWHGJUDSKLWHKDGEHHQWUHDWHGE\K\GURO\VLVDQGWKHQLWZDV
WHUPRH[SDQGHGDWɨɋWRREWDLQH[IROLDWHGJUDSKLWH7KHQSUHVVLQJSURFHGXUHZDVXVHGWR
REWDLQ*)ZLWKKLJKPHFKDQLFDOSURSHUWLHV
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7KH PLFURVWUXFWXUH RI WKH VDPSOHV ZDV VWXGLHG E\ 6FDQQLQJ (OHFWURQLFV 0LFURVFRSH 6(0
-(2/ -607 $ 7KH WUDQVSRUW SRUH VWUXFWXUH ZDV LQYHVWLJDWHG E\ QDQRSHUPSRURPHWHU
71):+ 6HLND &RUSRUDWLRQ 7R WHVW RI WKH PHPEUDQH WUDQVSRUW SRUH VWUXFWXUH E\ QDQR
SHUPSRURPHWU\DVDPSOHZDVHYDFXDWHGE\YDFXXPSXPSWKHQKH[DQHZDVXVHGWRILOOSRURXV
PDWUL[ 6WXGLHGPHPEUDQHZDV IL[HG LQ FHOO DW  R& DQG GLIIHUHQWLDO SUHVVXUH RI  N3D
1LWURJHQZDVXVHGDV JDVFDUULHU 7KHJDV IOX[ WKURXJKPHPEUDQHZDVPHDVXUHGE\ WHUPR
FRQGXFWLYLW\GHWHFWRU7&'7KH6(0UHVXOWVVKRZHGWKDWWKHVXUIDFHVWUXFWXUHLVIODNHSDFNHG
VWUXFWXUHZLWKSRUHVZLWKOHQJWKRIDERXWPDQGZLGWKRIDERXWPIRU*)GHQVLW\RI
NJP7KHLQIOXHQFHRIGHQVLW\RQWKHVXUIDFHVWUXFWXUHZDVQRWIRXQG,WZDVVKRZQWKDW
WKHVWXGLHGIRLOVKDYHWKUHHOD\HUVVWUXFWXUHZLWKEXONOD\HUDQGVXUIDFHOD\HUVZKLFKKDYHKLJKHU
GHQVLW\GXH WRSUHVVLQJSURFHGXUH7KHDQDO\VLVRIQDQRSHUPSRURPHWU\GDWDVKRZHG WKDW IRU
*) GHQVLW\ RI  NJP JDV IOX[ LV SURYLGHG E\  QP WUDQVSRUW SRUHV )LJ  7KH
FRQWULEXWLRQRIIOX[WKURXJKVPDOOHUSRUHVWRWRWDOIOX[LQFUHDVHVZLWKGHQVLW\LQFUHDVLQJ6R IRU
VDPSOH ZLWK GHQVLW\ RI  NJP WKH JDV IORZ JRHV PDLQO\ WKURXJK WZR SRUH JURXSV ZLWK
IROORZLQJ SRUHV VL]H  QP DQG  QP 7KH FRPSDULVRQ RI 6(0 DQG QDQR
SHUPSRURPHWU\UHVXOWVDOORZVVXJJHVWLQJWKDWWKHPDFURSRUHVRQWKHIRLOVXUIDFHGRQRWDIIHFW
VHULRXVO\RQJDVWUDQVSRUW

)OXRULQDWLRQWHFKQLTXH
7KH PRGLILFDWLRQ RI *) E\ JDVSKDVH IOXRULQDWLRQ ZDV FDUULHG RXW E\ IROORZLQJ
WHFKQLTXHWKHVDPSOHVZHUHSODFHGLQDFORVHGUHDFWRUDIWHUWKDWWKHUHDFWRUZDVGHJDVVHGWLOO
YDFXXP7RUU WKDQ WKHUHDFWRUZDVKHDWHGXS LQRYHQ ,QKRXU XQGHUFRQWLQXRXV
GHJDVVLQJWHPSHUDWXUHUHDFKHGWKHVWHDG\VWDWHYDOXHVWKDWZHUHYDULHGIURPWR&
DQGSXUHIOXRULQHZDVSXPSHGLQWKHUHDFWRUWLOOSUHVVXUHHTXDOEDULVUHDFKHG3UHVVXUHLQWKH
UHDFWRU ZDV NHSW FRQVWDQW  EDU DQG WLPH RI WUHDWPHQW ZDV YDULHG IURP  WR 
KRXUV6DPSOHVZHLJKWZDVPHDVXUHGEHIRUHDQGDIWHUIOXRULQDWLRQ

*DVSHUPHDQFHH[SHULPHQW
7KHSHUPHDQFHRI+H1+&2&+&+DQGQ&+ZDVPHDVXUHGE\GLIIHUHQWLDO
PHWKRGZLWKFKURPDWRJUDSK\DQDO\VLVXVLQJWZRWHFKQLTXHV
VZHHSLQJRISHUPHDWHE\FDUULHUJDV+H$ULQWHPSHUDWXUHUDQJH.
HYDFXDWLRQRISHUPHDWHSSHUPaDWP

5HVXOWVDQG'LVFXVVLRQ
,WZDVIRXQGWKDW*)JDVSKDVHIOXRULQDWLRQOHDGVWRLQFUHDVLQJRIVDPSOHVZHLJKWE\±
GHSHQGLQJRQPRGLILFDWLRQFRQGLWLRQV1RYDULDWLRQRIVDPSOHVZHLJKWZDVPHQWLRQHGDIWHU
H[SHULPHQWV
*DVSKDVHIOXRULQDWLRQRI*)UHVXOWHGLQGHFUHDVLQJRIWKHSHUPHDQFHRIɇɟ1+DQG
HVSHFLDOO\&2&2SHUPHDQFHGHFUHDVHGDOPRVWLQWLPHV+RZHYHUWKHPRGLILFDWLRQGLGQ¶W
VHULRXVO\ LQIOXHQFH RQ WKH SHUPHDQFH RI Q&+ ,W VKRXOG EH PHQWLRQHG WKDW IOXRULQDWLRQ
SURYLGHVHQRXJKKLJKOHYHORIJDVSHUPHDQFHLQFRPSDULVRQZLWKLQLWLDOVDPSOHVWRXVHPRGLILHG
PHPEUDQHV LQ VHSDUDWLRQ SURFHVVHV7KXV WKHGLIIHUHQFHRI&2 DQGK\GURFDUERQVDFKLHYHG
SHUPHDELOLW\GLIIHUHQFHɋɇɋɈVHOHFWLYLW\ LQFUHDVHGDSSUR[LPDWHO\ LQWLPHVIURPWR
DQGLQYHUVLRQWRZDUGVWKH.QXGVHQVHOHFWLYLW\Į.QQɋɇɋɈ EHFRPHVVWURQJHU
7HPSHUDWXUHGHSHQGHQFLHVRIɇɋɈ1SHUPHDQFHZHUH DOVR LQYHVWLJDWHG IRU LQLWLDO
DQG IOXRULQDWHG*)ZLWKGLIIHUHQWGHQVLW\ ,WZDVVKRZQ WKDW WKHSHUPHDQFHRI IOXRULQDWHG*)
PRQRWRQLFDOO\GHFUHDVHVIRUDOOVWXGLHGJDVHVDQGSHUPHDQFHRIIOXRULQDWHGVDPSOHVGHFUHDVHV
OHVVWKDQRILQLWLDORQHVZLWKWHPSHUDWXUHJURZLQJ,WFDQEHUHVXOWRIWKHVLJQLILFDQWGHFUHDVLQJ
RIVXUIDFHIORZFRQWULEXWLRQLQRYHUDOOIORZWKURXJKWKHPHPEUDQHHVSHFLDOO\LQWKHFDVHRI&2
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$QDO\VLVRIREWDLQHGH[SHULPHQWDOGDWDVKRZVWKDWPROHFXODUGLIIXVLRQEHFDPHPRUHLPSRUWDQW
LQFRPSDULVRQZLWKLQLWLDOVDPSOHVDWQRWVRVLJQLILFDQWGHFUHDVHRIJDVIOX[,QWKLVFDVHWKHIOX[
GHFUHDVH FDQ EH FRQQHFWHG ZLWK FKDQJLQJ RI SRUH GLDPHWHU DV UHVXOW RI IOXRULQH PROHFXOHV
LQIOXHQFH

&RQFOXVLRQ
,Q WKH SUHVHQWZRUN LWZDV GHPRQVWUDWHG WKDW ORQJWLPHGLUHFW JDVSKDVH IOXRULQDWLRQ RI
*)GRHVQ¶WDIIHFWLWVPHFKDQLFDOSURSHUWLHVDQGVWDELOLW\LQWLPHLQVWHDGRISRO\PHULFPHPEUDQHV
ZKLFK DUH YHU\ VHQVLWLYH WRZDUGV WKH FRQGLWLRQV RI PRGLILFDWLRQ ,W ZDV VKRZQ WKDW WKLV
PRGLILFDWLRQKDGVLJQLILFDQWLQIOXHQFHRQJDVWUDQVSRUWSURSHUWLHVRIVWXGLHGPHPEUDQHV
7KH PRGLILHG JUDSKLWH IRLOV FDQ EH XVHG DV PHPEUDQH PDWHULDO IRU JDVVHSDUDWLRQ LQ
GLIIHUHQWDSSOLFDWLRQVIRUH[DPSOH&2UHPRYLQJIURPK\GURFDUERQVPL[WXUHVLQSHWURFKHPLVWU\
7KXV WKH UHVXOWV GHPRQVWUDWH WKH SRVVLELOLW\ RI DSSOLFDWLRQ RI WKH GLUHFW JDVSKDVH
IOXRULQDWLRQPRGLILFDWLRQPHWKRGIRULPSURYLQJRIJDVWUDQVSRUWSURSHUWLHVQRWRQO\RISRO\PHULF
EXWDOVRRILQRUJDQLFFDUERQEDVHGPHPEUDQHV

$FNQRZOHGJHPHQWV
$XWKRUVWKDQN
 'U '9'PLWULHY $VVRFLDWLRQ ©$63(&7ª 0RVFRZ 5XVVLD IRU SHUPRSRURPHWU\
DQDO\VLV
*URXS(16,&1DQF\)UDQFHIRUKHOSZLWK6(0DQDO\VLVRIVDPSOHV
*UDQWV5)%5ʋDQGʋIRUILQDQFLDOVXSSRUW

5HIHUHQFHV
 <DPSROVNLL ,3LQQDX%)UHHPDQ0DWHULDO6FLHQFHRI0HPEUDQHVIRU*DVDQG9DSRU
6HSDUDWLRQ±-RKQ:LOH\DQG6RQV/WG(QJODQG3
 6\UWVRYD'$.KDULWRQRY$37HSO\DNRY99.RRSV*+,PSURYLQJJDVVHSDUDWLRQ
SURSHUWLHVRISRO\PHULFPHPEUDQHVEDVHGRQJODVVSRO\PHUE\JDVSKDVHIOXRULQDWLRQ
'HVDOLQDWLRQ9SS
 .KDULWRQRY $3 0RVNYLQ <X/ 6\UWVRYD '$ 6WDURY 90 7HSO\DNRY 99 'LUHFW
)OXRULQDWLRQ RI WKH 3RO\LPLGH 0DWULPLG 7KH )RUPDWLRQ .LQHWLFV DQG
3K\VLFRFKHPLFDO 3URSHUWLHV RI WKH )OXRULQDWHG /D\HUV  -RXUQDO RI $SSOLHG 3RO\PHU
6FLHQFH9SS
 7HSO\DNRY996\UWVRYD'$(ILPRYD($6RURNLQD1(,RQRY6*$YGHHY99
&RPSRVLWHPDWHULDO IRUJDVVHSDUDWLRQPHPEUDQHDQGPHPEUDQHPRGXOH IURP
WKLVPDWHULDO58SDWHQW&
.H\ZRUGV QDQRSRURXV LQRUJDQLF PHPEUDQH JDV VHSDUDWLRQ GLUHFW JDVSKDVH IOXRULQDWLRQ
JUDSKLWHIRLO

